The compounds of formula M(N2Hs)2(SOi) 2, Fe, Co, Ni, Cu, Zn and Cd11, have 
Introduction
Coordination compounds containing positively charged ligands occur rather seldom and are subject of growing interest.1'5 Examples of such positively charged ligands are (CH3)3N+-NH24, (CH3)3N+-(CH2)2-/(CH2)2x NH2 and H3C-N N+(CH3)2.; f S(CH2)2 X Some of these potential ligands are known to occur also as uncoordinated cations in coordination com pounds4'6 of the type L+(MX"-) such as in4 L2+(NiCl4). 2_ An older group of compounds is the series of metal hydrazinium sulfates of formula M(N2H5)2(S 0 4)2, that is known. from structural studies, to contain metal ions coordinated distorted octahedrally by two N2Hs+ ions (trans) and two bidentate bridging sulfate anibns.1,7
Spectroscopie and magnetic studies on these com- pounds have not been mentioned in the literature. The purpose of the present study is to fill up this omission and to investigate possible relationships between spectroscopie parameters and structural information for these unsually distorted octahedral com pounds. In addition we were interested in the ligandfield spectral parameters of N2Hs+ compared with N2H4. Therefore ligand-field spectra, infrared spectra, EPR spectra Mössbauer spectra and magnetic suscep tibility measurements were performed on a number of suitable compounds M^H s M S O^.
Experimental Section
Starting materials. Bishydrazinium sulfate (Aldrich) was used without purification. Metal(II) sulfates were commercially available as the hydrates.
Preparation of the compounds.
A solution of the metal sulfates (0.01 moles) in 25 ml of hot water was added to a hot solution of N2HéS0 4 (0.02 moles) in 15 ml of water. In most cases the compounds M-(SC^MNjHsk immediately separated as powders, except for M = Mn11 wehere cooling to about 10° C was necessary to obtain the solid compound. The crystals were collected on a glass filter, washed subsequently with water, ethanol and diethylether, and finally dried in vacuo (0.1 mm/Hg at about 40°-50° C). The manganese and copper-doped Zn-and Cd compounds were prepared similarly, but with the ad dition of small amounts (about 1%) of MnSC>4 and C11SO4. respectively.
Analyses. The compounds were checked for purity by metal(II) analyses and for a few cases by nitrogen and hvdrogen analyses (carried out at organisch che misch instituut, TNO, P.O. Box 5009, Utrecht).
Measurements. Infrared spectra were recorded on a Unicam SP-1200 spectrophotometer (4000-400 cm-1) and on Hitachi EPI-L (700-200 cm-1), as Nujol mulls between sodium chloride or polythene plates, and also as pressed KBr or Csl discs.
Ligand-field spectra of the solid compounds were obtained by the diffuse reflectance method on a Beekman DK-2A instrument as described elsewhere.8 X-ray powder diagrams were performed on a Guinier camera, using Cu-Ka radiation. Mössbauer spectra were obtained at temperatures between 80 and 300° K on commercial ELRON instruments, furnished with a 57Co source diffused into 10 um Pd foil. Sodium nitroprusside was used as a Standard.
Magnetic susceptibilities were performed on a Faraday balance in the 80-300 K region, using CoHg-(SCN)4 as a calibrating Standard tables. Diamagnetic corrections were taken from Standard. EPR spectra of the powdered compounds were obtained at X-and Q-band frequencies on Varian instruments as described elsewhere.9
Results
The compounds under investigation are listed in Table I , with analytical results, colours and X-ray 6 Obtained from visible spectra only; the errors are 10% for Ds and 10% for Dt. c O btained from the visible spectra; the values for Ds and D t are upper lim its obtained from band w idths and a calculation w ith spin-orbit interaction (assuming X = __300 c m '1). Table  II. Table III gives the far-IR spectra of the com pounds (700-200 cm ') together with söme tentative assignments.
In Table IV the ligand-field maxima of the coloured compounds are presented along with some calculated parameters.
Magnetic susceptibility and Mössbauer results of Fe(N2H5),2(S0 4 )z are listed in Table V , whereas the EPR data of the Mn and Cu compounds are given in Table VI .
Discussion
Structure of the compounds. A two-dimensional X-ray analysis by Prout and Powell in 1961 has shown that Zn(N2H5)2(S0 4 ) 2 contained Zn11 ions coordinated by four oxygens of four different SO4 groups and two monodentate N2H5 groups, in an irregular octahedron.
The SO4 groups are bidentate to two different Zn ions, yielding infinite chains in one direction. The distances around Zn are: Zn-N 2.08 A, Zn-O 2.10 -2.38 A. Hydrogen bonds with N2H5 ligands hold the chains together.
The study of Hand and Prout7 on similar com pounds and the results of the isomorphy study in Iable I, indicate that all compounds of the present investigation have the same basic geometry. As will be shown below, the spectroscopie results are in agreement with this picture. According to the manner of description, distortion of the octahedron around the metal ion can be considered with respect to the na ture of the ligands or with respect to the bondlengths.
Regarding the spectrochemical nature of the li gands, the octahedron is tetragonal compressed with a rhombic distortion due to the unequal O-M bond lengths. Regarding the bondlengths, on the other hand, the octahedron can be considered as tetragonal elongated, with a rhombic component due to the dif ferent spectrochemical positions of oxygen and nitrogen.
As will be shown below, most of the measurements can be understood on the basis of the compressed octahedron, without rhombic distortion. Only the EPR spectra of the Cu compounds can be best under stood on the basis of an octahedran elongated along the Cu-O direction.
This slightly deviating behaviour of the Cu com pound may be related to the deviating X-ray patterns of the Cu11 and Cd11 compounds that may be due to the nature of the metal ions (Cu is rather small and Cd is rather large in ionic radius). The results are not in agreement with a structure M(N2H4)2(HS0 4 )2, containing bidentate N2H4, as suggested by Bhargave et al}1
Infrared Spectra. The reported absorption bands in Table II and III can all be ascribed to vibrations of either the N2Hs+ species, the S 0 42~ species, or the MO4N2 skelet.
Regarding the vibrations of the N2H5 groups it is observed that N-H stretches occur as low as 2660 cm-1. This is indicative for strong hydrogen-bond formation with the SCV~ anions. The two bands at 3290 and 3230 cm-1 on the other hand are due to much weaker hydrogen-bonded N-H bands, presumably from the NH? side of the ligand that is further away from the anions.1 There is some doubt about the position of the N-N stretching; possibly the highest one of the doublet near 1000 c m '1 is responsible for this vibration. This is quite high, although hydrazine is also known to have increased N-N stretches upon coordination. In addition the Irving-Williams sequence of metal ions holds. Although the S-O stretching vibrations principally should yield information about the bonding of the S 042-anions, the manner of coordination cannot be derived from the present spectra, because of the broad bands and the overlap with the N-H vibrations. On the other hand, the spectra are not in contradiction with the structure determination of the Zn compound.
N-H deformation vibrations and the N-N bending are observed below 700 c m 1. The former occur just around the split v4(S 0 4) vibrations near 600 cm-1, yielding a rather complex line pattern of at least four ünes. The N-N bending is observed near 480 cm-1 close to the vj(S04) vibration (forbidden in Td symmetry). It is observed from Table III that the Irving-Williams sequence of metal ions, i.e. M n< F e < C o < N i< C u > Z n > C d , also holds for this vibra tion. This is not unexpected, and has been observed before for many other ligand vibrations.13
Below 450 cm-' we observe the vibrations due to the MO4N2 seklet, i.e. the M-O and M-N stretching^, Due to the complexity of the species, it is impossib to speak of separate M-N and M-O frequencies, and in fact the band at highest frequency falls close to the region commonly observed for metal-oxygen vi brations12'13 and is also in the region of M-N found for hydrazine complexes.14 Again the Irving-Williams sequence holds.
Ligand-field Spectra.
The observed reflectance spectra of the solid compounds are in agreement with a basicly octahedral geometry around the metal ions. However, most bands are very broad and some of them even show splittings. A few splittings become better resolved at low temperatures.
Assuming compressed tetragonal geometry1 and using the procedures for the evaluation of parameters given before,8 we could calculate values for Dq, Ds, Dt and B for the several compounds. As the octahe dron is compressed along the tetragonal axis, the values for Ds and Dt ere negative.
For the iron compound, only the value for 4Ds + 5Dt could be determined from the ligand-field spectrr . (i.e. equal to the separation between the two ligand» ' field bands). Combination with the results obtained from the Mössbauer spectra and the magnetic susceptibility measurements, however, yielded separate values for Dt and Ds, as indicated in Table IV. The parameters for the cobalt compound could be calculated accurately because of the fact that more (split) bands are observed.
The spectra of the nickel compound showed no splittings at all, even not at liquid nitrogen tempe ratures. After taking a value of -300 cm-1 for the spin-orbit coupling constant, from the observed line width an upper limit for Ds and Dt could be determin ed with the aid of a full matrix diagonalization pro cedure.
As is seen from Fe, Co and Ni compounds agree very well with each other. For CuCNzHsMSO^ and for the copper dope in the zinc compound, no parameters could be calculated due to the lacking of sufficiënt bands.
As can be seen from Table IV , both Dq eand -Ds increase upon cooling to liquid nitrogen temperature. The increasc in Dq is normal, and has been observed before." The increasing-Ds value corresponds to a greater T2g splitting, and has also been found in the investigation of the Mössbauer spectra and magnetic susceptibilities (vide infra).
The slight increase in Dqxy on going from Fe to Ni, is just as expected from the decreasing ionic radius, and has been observed previously for pyrazole ligands.8
From the Dt values, the Dqz value for N?H5+ can be calculated by the relation: Dq*y -7D t/4 = Dqz.
Using Dqxy = 0.93 kK and Dt = -0.1 kK, this yields: Dqz = 1.1 kK, a value quite normal for nitrogen-donor ligands,8 but slightly smaller than 1.15
• kK as found for neutral N 2H 4 .15 This smaller value might be due to the positive charge upon the ligand.
In none of the complexes indications were found for the occurrence of rombic splittings in the ligandfield bands. As will be shown below, such splittings are rather small for the iron compound, although EPR spectra of the copper compound clearlv show the presence of a rhombic component in the ligandfield (vide infra).
Magnetic and Mössbauer measurements on Fe-(N2Hï):(SO))2.
For a more detailed study on the ground-state splitting in the iron(II) compound, we have investigated the Mössbauer spectra and the paramagnetic susceptibility between 80 and 300 'K.
Since the ligand-field spectra showed an increase in -Ds for the present compounds upon cooling, the measurements were carried out in the whole tem perature region (Table V) , to see if the changes are gradually or not.
As is seen from Table V, Principally, the analysis of the quadrupole split tings and the magnetic moments as a function of temperature should yield the parameters S (the groundstate splittings, equal to 5Dt-3Ds), e (the rhombic split ting), X (the spin-orbit coupling constant), and k (the orbital reduction factor).
However, as the difference between Q.S. a. An increasing value of the ground-state split ting upon cooling, which would be in agreement with the Mössbauer spectra.
b. Antiferromagnetic exchange in the SCVbridged chains, that has the effect of decreasing M -eff upon cooling. A correction is usually made for lattice com pounds by setting x equal to C /(T -0). For comparison in Table V the calculated ^-values with a 0-value of -8 have also been listed.
To obtain detailed information about the exact magnitude of B, measurements as low as liquid He lium are necessary. These are in progress for all these compounds. For the moment we will restrict ourselves to a magnetically diluted system, ignoring any antiferromagnetic exchange.
Therefore, we made use of a full matrix consideration of Fe2+ (5D) under the simultataneous action of octahedral tetragonal and rhombic ligand fields and spin-orbit coupling. In this way we obtained n and Q.S. as a function of T, Dq, Ds, Dt, Dr, K and X. In the calculation procedures influences of covalency upon the field gradiënt were ignored, and the lattice contribution was taken to be equal to 0.85 Ds (in kK), expressed in mm/s.3
The calculations were carried out on a IBM 360/ 65 computer, using programs-developed by Mr.A. , but extended to rhombic splittings and interaction with the higher E-term. Details of the program will be published elsewhere. 24 In the analyses of the data, we fixed the values of Dq and of (4D + 5Dt) that were obtained from the ligand-field spectra. Further we used a value of 0.25 barn for the quadrupole moment of 57Fe.19,23 The best fit with both measurements was obtained for the following parameters (Table VII) The assumption of a 0 value of -8', influences the parameters slightly (i.e. X is increased to aboüt 80 cm-1, k is increased to about 0.8 and 8 is decreased by about 10%) and even give a better fit. Summarizing, these results indicate: a. A compressed tetragonal structure, with a ground-state orbital singlet, having a doublet at about 0.7 -1.0 kK above it.
b. The rhombic splitting of this doublet -if present -is smaller than 0.3 kK.
c. The values of k and X indicate some covalency in the Fe-ligand bonds, in agreement with the rather low B-values for the Co and Ni compounds (Table IV) .
EPR spectra of some powdered compounds containing Cu2+ or Mn2+. To obtain detailed information about the geometry and the kind of bonding in the present compounds. EPR spectra of the Mn2+ and Cu2+ compounds and impurities of them in the diamagnetic lattices of the Zn and Cd were investigated.
From the results in Table VI it is seen that all copper compounds show a three g-value spectrum, characteristic for rhombic geometry. 25 Wether this three-g-value spectrum is derived from axial elongated {i.e. g3 = 2.0 and g2 = gt =» 2.4) cannot be directly coneluded from the spectra, although the fact that the lowest g-value is about 2.05 points in to the description of elongated octahedral geometry. Anyway, the rhombic distortion is clearly demonstrated by the occurrence of three separate g-values. The calculated g-values from the spectra were obtained from com puter produced simulations,26 and for all compounds the results are similar to the observed X and Q band spectra within experimental error.
Copper hyperfine splittings were not observed, except for the dope in the Zn compound (upon g3). In fact the hyperfine coupling constants may be small due to the nature of the metal-ligand bond (usually Cu2+ compounds with oxygen-donor ligands do not show resolved hyperfine splittings),25-27 or due to exchange coupling between the Cu ions. The latter case almost certainly occurs for the pure copper com pound.
Exchange coupling must also be responsible for the observed signal of the pure Mn2+ compound. The symmctrical signal, with six inflections assigned to hyperfine interactions, at g = 2.01 is just as expected for exchange coupled Mn ions. The dopes in the Zn and Cd compounds however, show hyperfine split tings (due to the S5Mn nucleus) as well as fine splittihgs (due to the zero-field splitting of the 6Ai ground state). From these the parameters A and D and X were calculated using the methods of Dowsing and Gibson.28 The slightly larger D value for Mn doped in the Cd compound indicates a somewhat larger di stortion. The different D value is in agreement with the observed non-isomorphism of the lattices (Ta ble 1).
